ABSTRACT Culex restuans Theobold, a putative vector of West Nile virus among birds in northern North America, also may serve as a bridge vector to mammals. Despite its potential public health importance, little is known about what regulates populations of this species. Mosquitoes generally are subject to both density-dependent reductions in survival and growth and to density-independent limitations on their population abundances. The mechanisms by which density dependence may occur in this species were examined in both Þeld and laboratory studies. Nutrient-dependent reductions in growth were found in Þeld studies. Under laboratory conditions, nutrient levels in larval habitats and total water volume per container contributed to survival and growth of larvae. We related these Þndings to density-independent changes in available habitat for larval development observed in other studies. These results may suggest a mechanism for patterns of mosquito abundance.
THE PRINCIPAL VECTOR OF West Nile virus among birds in North America seems to be Culex restuans
Theobald, a species that may also act as a bridge vector to mammals (Nasci et al. 2001 , Apperson et al. 2002 . Factors that determine abundance of this mosquito are not well characterized, although availability of larval habitat has been correlated with populations of other temperate and tropical mosquitoes (Patz et al. 1998 , Shaman et al. 2002 . The mechanisms by which larval habitat quality and availability affect adult mosquito abundance remain enigmatic (Shaman et al. 2002) . Density-dependent population regulation at the larval life stage is one possible mechanism, in which increased availability of larval habitat may alleviate density-dependent reductions in growth and survival (Day et al. 1990 , Gleiser et al. 2000 , Reiskind and Wilson 2004 .
Density dependence has been suggested as a principal mechanism for regulation of animal populations (Nicholson and Bailey 1935) , juxtaposed to an alternative explanation of density-independent factors (Andrewartha and Birch 1954) . Current theory recognizes a common ground in which both extrinsic (density-independent) and intrinsic (density-dependent) factors interact to conjointly determine population levels, although empirical examples are often lacking (May 2002) . Field studies of mosquito population dynamics have provided evidence for the role of weather, climate, and landscape features (extrinsic, density-independent factors) affecting larval and adult abundances, whereas laboratory experiments have documented the potential of density-dependent regulation in other contexts (Hay et al. 2000 , Agnew et al. 2000 , Shaman et al. 2002 . Often, models of mosquito-transmitted diseases have ignored intrinsic dynamics in either the vector or the host populations (Hay et al. 1999 , Rogers et al. 2002 .
Density-dependent reductions in growth and survival at the larval stage have been documented for Culex pipiens L. (Rajgopalan et al. 1976 , Agnew et al. 2000 , Mpho et al. 2000 . Both competition for nutrients and mechanical interference have been proposed as mechanisms by which increased density inhibits growth and survival in Culex mosquitoes (Reisen et al. 1984 , Roberts 1998 , Wynn and Paradise 2001 . Accumulation of toxins from bacterial metabolism also may lead to reduced larval growth and survival (Dadd and Kleinjan 1973) . Much less is known about how these factors affect Cx. restuans. Accordingly, we tested the hypothesis that density-dependent reductions in growth and survival of Cx. restuans larvae occur as a function of nutrient abundance. It was predicted that habitats with higher nutrient availability would result in greater survival, faster developmental rates, and more overall growth of mosquitoes. We also predicted that increases in breeding habitat water volume would have an independent, positive effect on survival and development, possibly through dilution of toxic waste products. To test these predictions, laboratory and Þeld experiments were performed to determine the impact of larval density and nutrient availability on Cx. restuans growth and survival.
Materials and Methods
Field Studies on Nutrient Concentration. Oviposition experiments were performed that evaluated female behavior in relation to high-versus-lowversus-no nutrient egg-laying sites. For these studies, artiÞcial containers (64-liter plastic tubs, Rubbermaid, Columbus, OH) were prepared as breeding sites to attract gravid females. Three nutrient concentrations were examined: high (100 g of organic pesticide-free hay, 20 g of high-protein dog food, and 10 liters of unchlorinated well water), low (100 g of hay and 10 liters of well water), and control (10 liters of well water only, no nutrients). The hay was bound in nylon netting by cable ties and weighted with silica pebbles.
A partial factorial design was used, with the three nutrient concentrations in three pairwise comparisons (low versus high, high versus control, and control versus low) and Þve replicates of each pairwise treatment (15 total Þeld sites, each with two containers). Field sites were located in wooded lots in Ann Arbor, MI, at least 670 m apart (Reiskind and Wilson 2004) . Observations were made from 21 May to 12 June 2002 and consisted of daily counts of the total number of new egg clutches laid in each container. Egg clutches were removed daily, allowed to hatch in the laboratory, identiÞed, and returned to their container of origin. On 12 June, all larvae and pupae were collected from each container and taken to the laboratory to be counted and staged. Larvae were identiÞed to species and pupae were dried at 50ЊC for 48 h and then weighed.
Laboratory Experiments on Nutrients and Crowding. Other studies were performed under more controlled conditions to evaluate the interaction of nutrient abundance and larval crowding on mosquito development and survival. Three different nutrient concentrations (10, 20, and 40 g of organic hay per liter of well-water, infused for 24 h, and then removed from contact with the hay) were prepared. Three different volumes (50, 100, and 200 ml) of these nutrient preparations were placed in "food-grade" plastic containers (0.5 liter). Combinations of the three nutrient concentrations and three volumes were tested in a complete block design to examine all combinations of volume and nutrient interactions. For each of the nine nutrient and volume combinations, 15 larval Cx. restuans were introduced (all had been hatched from 90 Þeld-laid egg clutches the previous day). Each combination was replicated Þve times. All containers were held in an incubator (14-h light at 22ЊC/10-h dark at 15ЊC) and were rearranged daily to avoid random effects attributable to incubator position.
The number and instar of surviving larvae were determined daily. Resulting pupae were allowed to eclose and adults were removed, frozen at Ϫ20ЊC, and then dried (50ЊC for 48 h), sexed, and weighed using a Cahn 25 automatic electrobalance (Cahn Instruments Co., Cerritos, CA). The average weight of adult mosquitoes from the Þve replicates was calculated for each of the nine treatment combinations.
Statistical Analysis. All data were analyzed using SAS version 8.0 (SAS Institute, Cary, NC) or Statistix version 7.0 (Analytical Software, Tallahassee, FL). SPSS (SPSS Inc., Chicago, IL) was used to analyze larval survival by using a proportional hazard model of mortality risk with volume and nutrients as categorical, main effects and controlling for within-replicate nonindependence (Hosmer and Lemshaw 1999) .
Results
Field Experiments. SigniÞcantly more eggs were laid in breeding site containers with high or low nutrients than in those containers with only water (P Ͻ 0.001, repeated measures mixed model analysis of variance [ANOVA] with Þeld site as a random effect on untransformed data; Fig. 1 ).
Pupae coming from containers with high nutrients were signiÞcantly heavier than those from low or no nutrients (P Ͻ 0.01, df ϭ 2, ANOVA; Fig. 2) . Further- more, the number of immature mosquitoes as pupae was greater in high nutrient and less in low and no nutrient containers, a difference that was statistically signiÞcant between high and no nutrients and marginally signiÞcant between high and low nutrient containers (P Ͻ 0.0001; P Ͻ 0.068, TukeyÕs honestly signiÞcant difference [HSD] post hoc comparison; Fig.  3 ). There were no differences in the number of larval mosquitoes between high and low nutrient containers (Fig. 3) .
Nutrient and Water Volume. Results from laboratory experiments were consistent with those of Þeld studies. Survival of larvae was greatest at the highest nutrient concentrations and largest water volumes (Fig. 4) . At the lowest nutrient and volume amounts, few or no larvae survived to pupation, with most dying 10 Ð15 d after hatching. The combinations of nutrient concentrations and volumes were used to calculate another resource index: the "total nutrients." Increased total nutrients per larva led to increased larval survival (linear regression, P Ͻ 0.0001, r 2 ϭ 0.7597), but with high variance at intermediate total nutrient levels and between the two highest nutrient levels, such that the total nutrients explains a signiÞcant amount of the variation in the residuals of the regression (ANOVA, F ϭ 69.46, P Ͻ 0.0001). Indeed, both volume and nutrient concentration were signiÞcant factors in the proportional hazards model of larval mortality risk. The 100-ml volume treatment relative to the 200-ml volume treatment multiplied the hazard, or risk, of mortality by 8.606, or Ϸ760% (P Ͻ 0.040, 2 ϭ 4.212). The 50-ml volume treatment was even more pronounced, multiplying the hazard of mortality by 151.074, relative to the 200-ml treatment (P Ͻ 0.0001, 2 ϭ 24.756). Likewise, the 20 g/liter nutrient treatment multiplied the risk of mortality by 8.160 and the 10 g/liter nutrient treatment increased the risk of mortality by 77.182 (P Ͻ 0.045, 2 ϭ 4.006; P Ͻ 0.0001, 2 ϭ 18.588). The only signiÞcant interaction term was at the 50-ml and 10 g/liter nutrient level, decreasing the risk of mortality by 96.8% (P Ͻ 0.002, 2 ϭ 11.343). This decrease in mortality risk is after risk has already been multiplied by 151.074 and 77.182, so the total risk of mortality at the 50-ml, 10 g/liter treatment was 372.78, relative to the 200-ml, 40 g/liter treatment [exp(5.018 ϩ 4.346 Ϫ3.443) ϭ exp (5.921)].
Nutrient availability also had signiÞcant effects on both male and female adult weight (Table 1 ; Fig. 5 ). Adult Cx. restuans derived from high nutrient treatments weighed signiÞcantly more than those from lower levels (F ϭ 142.786, df ϭ 2, P Ͻ 0.0001), as did those from high volume treatments relative to low volume treatments (F ϭ 129.632, df ϭ 1, P Ͻ 0.0001). However, because larval death in these experimental conditions was considerable in very low nutrient conditions, and we included replicates with no fewer than two surviving adults, weight estimates were possible from only Þve volume and concentration combina- tions, thereby limiting inference from the full range of nutrient conditions. Females were signiÞcantly heavier than males (F ϭ 4.688, df ϭ 1, P Ͻ 0.032). Males emerged 1 d earlier than females, on average (t-test, P Ͻ 0.001).
Discussion
These Þeld and laboratory results have demonstrated that the number of Cx. restuans eggs laid, the survival of larvae, the proportion of larvae that pupate, and the size of pupae and emerging adults were all positively associated with nutrient availability in aquatic breeding habitats. In Þeld experiments, female mosquitoes more often chose to lay eggs in containers with more nutrients over those holding only water. This indicates that they actively seek egg-laying sites that should increase offspring survival. However, egglaying females failed to distinguish between low and high nutrient sites over the course of the experiment. The higher weights and larger proportion of pupae in high nutrient habitats suggests ovipositing in high nutrient habitats would increase the Þtness of the mosquito. Imperfect or suboptimal oviposition choices by mosquitoes have been observed in the pitcher plant mosquito, Wyeomia smithii Coquillett (Heard 1994) but have not been reported from other mosquito species.
Our laboratory studies suggested that both nutrient concentration and nutrient volume contributed to larval survival and growth. The importance of nutrient availability in Culex larval survival and growth has been described in other studies (Rajgopalan et al. 1976 , Reisen et al. 1984 , Agnew et al. 2000 , Mpho et al. 2000 , and water volume has been shown to be important in some reports (Roberts 1998, Wynn and Paradise 2001) . In our study, the surface area was the same for all volumes, implying that the effect of volume was likely a function of waste product buildup rather than access to atmospheric oxygen. The effect of volume on risk of mortality was independent and greater than the effect of nutrient level, demonstrated by the gap between the 200 ml, 10 g/liter survival curve and both the 50-ml, 40 g/liter and the 100-ml, 20 Fig. 5 . Average weight of mosquito adults (Ϯ1 SE) by water volume and nutrient concentration, separated by sex. Only treatments with two or more adults were measured. Because of only two levels of volume, post hoc comparisons could not be made. Sex, volume, and nutrients were all signiÞcant factors in determining adult weight, by using ANOVA (Table 1) . Numbers above bars denote the number of individuals measured in each category. g/liter survival lines, in spite of the fact all three treatments contain the same "total" nutrients (sensu Fig. 6 ). Further studies are needed to understand the speciÞc mechanism by which volume affects densitydependent growth and survival.
The greater number of pupae relative to total immature mosquitoes (pupation rate) in high compared with low nutrient habitats suggests that development may be more rapid in high nutrient habitats. In addition, larger pupae in the high nutrient habitat further support the hypothesis that increased nutrient input decreases density-dependent reductions in growth. Large size at pupation has been associated with overall fecundity in other genera of mosquitoes, providing an evolutionary explanation for oviposition choice based upon nutrient availability (Steinwascher 1982, Armbruster and Hutchinson 2002) . Nevertheless, female mosquitoes in our Þeld study failed to distinguish high nutrient containers from low nutrient containers, even late in the course of the experiment. This result suggests gravid females may have limited abilities to predict future quality of larval habitats.
Realistic models of mosquito population dynamics will require integrating the effects of density-dependent interactions and density-independent factors, and an understanding of the mechanisms that produce these phenomena. Our previous work demonstrated behavioral adjustments in oviposition by Cx. restuans to variation in density-dependent factors and densityindependent factors, such as changes in habitat availability (Reiskind and Wilson 2004) . Our work is aimed to increase the predictive ability of models of mosquito-transmitted diseases. These results support earlier studies suggesting that Cx. restuans females respond to both density-independent factors and density-dependent interactions and should be useful in developing models of landscape-level mosquito population dynamics. 6 . Number of pupating mosquito larvae as a function of total nutrients (nutrient concentration ϫ volume). The regressed line is signiÞcant (P Ͻ 0.0001) and explains 74.5% of the variation. However, the large variation at intermediate levels of nutrients and the pattern of residuals suggests the importance of considering volume and nutrient concentration separately.
